We demonstrate efficient tunable blue electroluminescence from blends of two solution-processible light-emitting dendrimers. These materials can be blended to form optical quality thin films with no phase-separation effects, irrespective of the blend ratio. External quantum efficiencies of 1% have been measured for the blend systems and the emission color can be tuned from deep blue (emission peak 401 nm) to blue green Organic light-emitting diodes (OLEDs) are currently under active research due to their application in flat panel displays. Solution processing of OLEDs is an attractive fabrication route offering flexibility, low cost and the exciting possibility of the inkjet printing of displays. Conjugated polymers are the most widely established and studied class of solution-processible light-emitting materials, however, conjugated dendrimers have recently also shown much promise in this field.
Organic light-emitting diodes (OLEDs) are currently under active research due to their application in flat panel displays. Solution processing of OLEDs is an attractive fabrication route offering flexibility, low cost and the exciting possibility of the inkjet printing of displays. Conjugated polymers are the most widely established and studied class of solution-processible light-emitting materials, however, conjugated dendrimers have recently also shown much promise in this field. [1] [2] [3] [4] Efficient dendrimer OLEDs reported so far have been green emitters 3, 4 based on electrophosphorescence. In this letter we demonstrate efficient fluorescent blue-emitting dendrimer OLEDs and show how the blending of conjugated dendrimers provides a simple and powerful way of precisely tuning the emission color of OLEDs.
Color tuning has been achieved in conjugated polymers and small molecules by systematic modification of the chemical structure. 5, 6 An alternative is to take a physical approach and blend materials. For evaporated small molecular OLEDs it has been shown that a blend layer can lead to improved reliability and efficiency. 7, 8 However, there are still many issues to be addressed for solution processed blends. Blends of polymers are well known to intrinsically phase separate, 9 and most small molecule electroluminescent (EL) materials are often difficult to process from solution. Studies have been performed on conjugated polymer blends and it has been shown that the degree of phase separation is highly dependent on the doping ratio of the two polymers and spinning solvent used. 10, 11 In addition, polymer molecular weight plays an important role in determining the phase-separation characteristics of a blend. 12 However, phase separation has been utilized successfully in other areas, such as solar cells 13 and in the creation of extremely small-sized "nano" LEDs by blending an inert polymer with a conjugated light-emitting system. 14 We demonstrate that the above problems can be overcome by using blends of two dendrimers with different cores but identical surface groups. The modular construction of dendrimers enables their processing and electronic properties to be tuned independently. This is a significant advantage when forming a blend of materials as different cores can be encapsulated within the same shell and surface groups, conferring the same solubility on each component and avoiding phase-separation effects. We present the characteristics of devices formed by spincoating blends of two blue-emitting dendrimers, the structures of which are shown in Fig. 1 . Poly(fluorene) and its derivatives have been shown to give efficient blue electroluminescence 15 sen as a component of the cores of the dendrimers. The first dendrimer (G1F), is a first generation bis-fluorene cored dendrimer with two hexyl groups on the 9-position of the fluorene unit, first-generation phenylene dendrons, and 2-ethylhexyloxy surface groups. The relatively short conjugation length of the emissive chromophore, which is comprised of the two fluorene units and the first phenyl branching points of the dendrons, is blue shifted relative to that of poly(fluorene). The second dendrimer, G1FT is also first generation and contains the same dendrons and surface groups, but with the core being one fluorene and one thiophene unit. The introduction of the thiophene unit in place of a fluorene causes the wavelength of the emitted light to be longer. The absorption and photoluminescence (PL) spectra of neat thin films of the two materials are also shown in Fig. 1 . The PL of G1F upon excitation of the core at 350 nm is in the near UV/violet with peaks at 397 and 416 nm. G1FT was excited at 370 nm and gives blue-green fluorescence with a peak at 477 nm. For G1F the PL spectrum in solution and the solid state was the same, whereas for G1FT there was a longer wavelength component in the solid state that is not present in solution. This longer wavelength component is most probably due to intermolecular interactions of the emissive chromophores. It is also of note that the emission spectrum in both materials is the same whether the core (at 352 or 373 nm) or the dendrons (at 272 nm) are excited. The photoluminescence quantum yields (PLQYs) of the two materials in dilute tetrahydrofuran (THF) solution (excitation 360 nm) and solid films (excitation at 325 nm) were measured and were found to be 81% in solution and 42% in film for G1F. For G1FT the solution PLQY was 47% in solution and 20% in the solid state.
The effect of blending G1F and G1FT on the PL spectrum is shown in Fig. 2 . Two blend ratios were chosen for this experiment-50: 50 and 80: 20 ratios of G1F to G1FT, respectively. It can be seen that as we blend increasing amounts of G1F into G1FT, the emission spectrum of G1FT shifts towards the solution spectrum from blue green to deep blue. The PLQYs of the blends also show intermediate behavior to the neat films-50: 50 and 80: 20 blends of G1F:G1FT have PLQYs of 25% and 31%.
It was found that the neat or blended materials formed good quality thin films suitable for use in LEDs. The films of the blends were homogeneous and no phase separation was observed by atomic force microscopy. The homogeneity of the blended films was expected due to the fact that the dendrimers possess identical surface groups and dendrons. Single-layer LEDs incorporating the neat or blend films had indium tin oxide (ITO) coated with polyethylenedioxythiophene (PEDOT) as the anode and LiF/ Ca/ Al as the cathode. The cathode was deposited by thermal evaporation at a base pressure Ͻ1 ϫ 10 −6 mbar. The emissive layers were typically 100 nm thick, as measured by a Dektak surface profilometer. For the single-layer devices peak external quantum efficiencies of 0.4% for neat G1F, 0.5% for 80: 20 G1F : G1FT, 1% for 50: 50 G1F : G1FT, and 1.2% for a neat film of G1FT were achieved at brightnesses between 30 Cd/ m 2 (for G1F) and 200 Cd/ m 2 . For the blue-green emitting G1FT a power efficiency of 1.5 lm/ W was measured at 200 Cd/ m 2 and 5.4 V. This is a very respectable result for a single-layer fluorescent blue-green material and is better than the reported values for single-layer poly [(9,9'-dihexyl 2,7-fluorene)-co-2,5-thiophene]-based devices. 16 The color of the EL emission for the neat and blended layers were found to be very similar to the PL spectra and no emission from G1F was seen in the blend systems.
The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energies of the two dendrimers have been determined from cyclic voltam- metry to be 6.2 eV for G1F and 6.1 eV for G1FT. By taking the energy of the HOMO-LUMO energy gap as the long wavelength peak in the UV-visible absorption spectrum, the LUMO of G1F and G1FT were calculated to be 2.7 and 2.8 eV, respectively. We note that energy levels calculated by this method are approximate, as the energy levels of the film may differ from the solution, and the exciton binding energy is not considered. Nevertheless, they suggest that good charge injection is likely to occur from the cathode and poorer injection from the anode. To improve the device performance it was therefore necessary to aid hole injection. Poly-N-vinylcarbazole (PVK) has HOMO and LUMO energies of 5.5 and 2.0 eV, respectively. 17 A PVK layer between the dendrimer film and anode could therefore be expected both to aid injection of holes and prevent electrons from reaching the anode. The dendrimer film in this configuration acts as the electron transporting and light-emitting layer. PVK has been used with some success for polyfluorene (PFO) LEDs. 18, 19 The PVK layer was spun from chlorobenzene, and dendrimer films from toluene. Toluene does not dissolve the PVK layer 18 and allows production of a clean heterojunction interface. Figure 3 shows external quantum efficiencies, light outputs, and power efficiencies for the different dendrimer layers used in the two layer devices (ITO/PEDOT/PVK/ dendrimer/LiF: Al: Ca). The peak external quantum efficiencies were all around 1%. This independence of external quantum efficiency on the composition of the dendrimer films is interesting. These results compare favorably with other polyfluorene-based polymer LEDs in the literature. 15, 16, 18 The EL spectra of the bilayer devices are shown in Fig. 4(a) and were similar to the single-layer EL and PL spectra. It can be seen in Fig. 4(b) that by adjusting the blend ratio we can fine tune the EL spectrum of the device from the near UV/violet to blue green, and that the 80: 20 G1F : G1FT blend has close to ideal Commission Internationale de l'Eclairage (CIE) coordinates for blue. Hence, by blending dendrimers we have a simple way of tuning the color of emission without changing the efficiency or operating voltage. This is useful as it allows color purity and luminous efficiency to be traded. What is more, in contrast to blended polymer systems, the emission color does not change with brightness. 20 This indicates that even at high voltages, no emission is seen from G1F, and that charge transport may occur by trapping at G1FT sites.
To summarize, we have demonstrated the power of the dendritic architecture to produce two highly luminescent solution-processible organic semiconductors with precisely controlled emission properties. These materials were incorporated in light-emitting diodes and were found to generate efficient tunable electroluminescence from the near UV to blue green. By the choice of a common branching structure and surface groups, we are able to blend different emissive cores with excellent miscibility. The blending of dendrimers therefore provides a very simple and powerful way to tune the optoelectronic properties of organic semiconductors.
